Abstract. Survivin has become an attractive anticancer therapeutic target due to its important role in tumor cell viability and its selective expression in tumor cells. In the present study, we constructed a recombinant siRNA plasmid vector against survivin and stably transfected it into HepG2 and SMMC-7721 hepatocellular carcinoma cells in vitro. Semi-quantitative RT-PCR and western blotting were used to determine the expression of survivin mRNA and protein, respectively. Tumor cell proliferation was assessed by trypan blue exclusion. We evaluated the change in caspase-3 activity, and the rate of cell apoptosis and the cell cycle distribution were analyzed by flow cytometry. Assessment of chemosensitivity was carried out by MTT assay. The results showed that transfection of survivin siRNA caused a significant inhibition of survivin mRNA and protein expression which was associated with cell growth inhibition, specific G0/G1 phase arrest, increased caspase-3 activity and enhanced chemosensitivity to cisplatin in both HCC cell lines. We suggest that suppression of survivin expression by RNAi attenuates the malignant phenotype of hepatocellular carcinoma cells, and may provide a novel approach for anticancer gene therapy.
Introduction
Hepatocellular carcinoma (HCC) is one of the most prevalent and lethal human malignancies, and it causes approximately half a million deaths each year worldwide (1) . Although curative treatments such as hepatic resection, percutaneous regional treatments, and even liver transplantation are available for HCC, it still has a high frequency of postoperative recurrence and poor prognosis (2, 3) . To date, there is no proven effective systemic chemotherapy for HCC due to the resistance of tumor cells to cytotoxic drugs (4, 5) . The efficacy of local chemotherapy, using agents such as cisplatin by means of transarterial chemoembolization, is limited due to the poor response rate of tumor cells to treatment and tumor re-growth after treatment (6) . These reasons exemplify the need to fully understand the mechanism underlying chemoresistance in HCC to allow the design of more effective therapeutic strategies.
Survivin has recently been identified as the smallest member of the inhibitor of apoptosis protein (IAP) family, which counteracts apoptosis and regulates cell division (7) . Survivin is expressed in embryonic tissues as well as in the majority of types of human cancers, but is undetectable in most terminally differentiated normal adult tissues (8, 9) . High levels of survivin expression are associated with cancer progression, decreased survival time and poor prognosis, which make survivin a promising target for anticancer therapies (10) . It has been reported that survivin promotes cell proliferation in human HCC both in vitro and in vivo (11) . Survivin is also reported to be involved in cancer cell resistance to radiation therapy, as well as to chemotherapy (12, 13) . Previous studies have demonstrated that the inhibition of survivin expression by RNAi inhibits the tumor growth of HCC cells in vitro and in vivo (14) . However, whether the suppression of survivin enhances the chemosensitivity of HCC cells to cisplatin has not been investigated until now.
In the present study, we constructed the siRNA plasmid expression vector targeting survivin and stably transfected it into HepG2 and SMMC-7721 HCC cells. Then changes in survivin expression and the role of siRNA in inducing cancer cell apoptosis and enhancing chemosensitivity to cisplatin were investigated. The present research provides a foundation for further study on survivin siRNA gene therapy for human hepatocellular carcinoma.
Materials and methods
Cell lines and cell culture. Human hepatocellular carcinoma cell lines HepG2 and SMMC-7721 were provided by Culture Central of Wuhan University (Wuhan, China). They were maintained in DMEM culture medium, supplemented with 10% fetal bovine serum at 37˚C in a humidified atmosphere containing 5% CO 2 , fed with fresh medium every 3 days and subcultured when confluency was reached.
siRNA targeting survivin inhibits the growth and enhances the chemosensitivity of hepatocellular carcinoma cells
Construction and transfection of the siRNA plasmid expression vector. Based on the human survivin gene sequence (GenBank no. NM_001168), we designed the survivin siRNA targeting against the sequence, 5'-ACCGCATCTCTACATTC AAGA-3', while the negative control siRNA targeted the sequence, 5'-GACCTACCACTCACGATTAAT-3'. Short hairpin primers were designed around these sequences and annealed before their ligation into the BbsI sites of the psiRNA-hH1neo plasmid (Invivogen). The survivin-targeted and the negative control nucleotide sequences were both confirmed against the Genbank database to prevent any improper interaction on other mRNA transcripts. The recombinant plasmids were designated as psiRNA-sur and psiRNA-con and confirmed by enzyme cutting and sequencing. When cells were 70-80% confluent, transfection was performed following the manufacturer's protocol. In brief, HepG2 and SMMC-7721 cells were co-transfected with 1 µg of plasmid and 3 µl of Lipofectamine (Invitrogen), respectively. The medium was replaced with fresh complete medium 6 h after transfection. Then cells were selected with 500 µg/ ml of G418 for 2 weeks. The resulting resistant clones were isolated and maintained with 200 µg/ml of G418.
Semi-quantitative RT-PCR.
The total RNA of the untransfected HCC cells and the psiRNA-sur or psiRNA-con stably transfected cells was extracted with TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The RNA of each group (1 µg) was used to synthesize cDNA, and the cDNA was added to a final volume of 25 µl, with 1 µl of each primer. The primers for human survivin were 5'-CTCAAGGACCACC GCATCT-3' (forward) and 5'-AGCGCAACCGGACGAAT-3' (reverse). β-actin was used as an internal control, and its primers were 5'-CGGGAAATCGTGCGTGAC-3' (forward) and 5'-GATCTTCATTGTGCTGGGTG-3' (reverse). The RT-PCR products were electrophoresed on a 1.5% ethidium bromide-stained agarose gel, and densitometric analysis was performed using Scion Image software.
Western blot analysis. The total cellular protein extract for each cell group was obtained by lysing the cancer cells in lysis buffer. Western blot analysis was then performed following conventional protocols. An equal amounts of each protein sample (20 µg) was electrophoresed on 12% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE), and then transferred onto a PVDF membrane (Millipore). The PVDF membrane was blocked in PBS containing 5% skimmed milk and incubated overnight with anti-survivin (1:1,000) and antiactin (1:2,000; Santa Cruz Biotechnology), and then incubated with secondary horseradish peroxidase-conjugated antibodies for 1 h at room temperature. After extensive rinsing, the blots were developed with a Luminol chemiluminescence detection kit (Santa Cruz Biotechnology). Band densities of the blots from photographic film were quantified using digital image analysis.
Detection of cell proliferation. For cell proliferation analysis, the stably transfected cells and untransfected HepG2 and SMMC-7721 cells were seeded in 6-well plates and cultured in the presence of 10% FBS for 8 days. Cells were harvested by trypsinization at various times and stained with trypan blue. Viable cells were counted using a hematocytometer and an inverted microscope. The cell numbers were averaged over 3 independent experiments.
Analysis of the cell cycle by flow cytometry. Stably transfected HepG2 and SMMC-7721 cells and untransfected cells were seeded in 6-well plates. When the cells were ~80% confluent, cells were collected and washed with cold PBS, and then fixed in 2 ml of 70% ethanol and preserved at 4˚C. The fixed cells were washed three times, and resuspended in PBS containing 50 mg/ml of RNase A for 30 min, and then incubated with 10 mg/ml propidium iodide (PI) for 20 min in the dark, and the cell cycle distribution was analyzed by flow cytometry (BD Biosciences).
Caspase-3 activity assay. The CaspACE™ Assay system kit (Promega) was used to measure the activity of caspase-3, according to the manufacturer's instructions (15) . The groups of HCC cells were collected and washed with cold PBS, and the cell lysates were prepared. Assays were performed on 96-well plates. We added 2 µl of the DEVD-pNA substrate (10 mM stock) to 20 µl of the cell lysate (50 µg total protein) in each well, followed by incubation at 37˚C for 4 h. Absorbance was measured at 405 nm with an ELISA reader.
Analysis of apoptosis. We identified the effect of different concentrations of cisplatin on HepG2 cels proliferation by MTT assay, and selected a concentration of 10 µM as the optimal low dose of cisplatin (16) . Cells of each group were seeded into 6-well plate. When the cells were ~70% confluent, 10 µM of cisplatin was added to the cells (Sigma). After 48 h, the cells were harvested and washed by PBS twice. Annexin V and PI staining were carried out using the Annexin V-FITC/PI kit (BD Biosciences), following the manufacturer's protocol. After incubation for 20 min at room temperature avoiding light, cell apoptosis was immediately detected by flow cytometry. All of the samples were assayed in triplicate.
Chemosensitivity assessment with MTT assays. Cells were plated in quadruplicate at a density of 5,000 cells/well in 96-well plates, and were allowed to adhere overnight. The cells were then treated with cisplatin at a concentration of 10 µM. After 48 h cells were washed with PBS, and MTT was added to each well at 50 µg/well for 4 h and the produced formazan was solubilized for 15 min by DMSO. Absorbance was measured at 570 nm with a microplate reader. Cells treated with equivalent amounts of DMSO were used as controls.
Statistical analysis. SPSS 10.0 software was used to analyze the data, which were expressed as the means ± SD. Statistical comparisons of numerical data within groups were carried out using one-way ANOVA test. A P-value of <0.05 was considered to indicate a statistically significant result.
Results

Suppression of survivin expression in HCC cells by RNAi.
psiRNA-sur was transfected into HepG2 and SMMC-7721 cells and stable transfectants were obtained by G418 selection. To confirm that siRNA transfection downregulates survivin expression in each cell line, RT-PCR assay and western blotting were performed. Survivin mRNA and protein were both strongly expressed in HepG2 and SMMC-7721 cells as reflected by semi-quantitative RT-PCR and western blotting. Our data showed that after stable transfection with survivin siRNA, the inhibition ratios of survivin mRNA and protein expression were 68.38±3.94 and 75.35±4.08% in HepG2 cells, respectively, and 70.43±3.53 and 76.59±4.61% in SMMC-7721 cells, respectively ( Figs. 1 and 2 ) (P<0.05). Transfection with psiRNA-con did not alter survivin expression levels, indicating that the inhibitory effect of survivin siRNA was specific. In addition, siRNA did not cause non-specific downregulation of gene expression, as determined by the β-actin control. Together, these results proved that the vector based RNAi effectively and stably suppressed survivin expression in hepatocellular carcinoma cells.
Survivin siRNA significantly inhibits HCC cell growth.
Overexpression of survivin has been reported in the majority of human cancers including HCC, but not in normal tissue. Thus, increased levels of survivin may play an important role in the growth advantage of HCC. Our data showed that siRNA targeting against survivin significantly decreased the growth rate of cancer cells in a time-dependent manner, and the highest inhibition rates of cell proliferation were 57.78±2.63 and 56.40±3.02% for HepG2 and SMMC-7721 cells, respectively, on Day 8 (P<0.05) (Fig. 3) . However, transfection with psiRNA-con did not alter the growth rate of cancer cells.
Alteration in the cell cycle by survivin siRNA. The cell cycle distribution of the HepG2 and SMMC-7721 cells was analyzed by flow cytometry after stable transfection by survivin siRNA. Our results showed that, compared with the untransfected HepG2 cells, psiRNA-survivin-transfected cells were arrested in the G0/G1 phase (64.52±3.08%) (P<0.05) and the number of cells was reduced in the G2/M phase (8.98±0.52%) (P<0.05). psiRNA-survivin-transfected SMMC-7721 cells were also arrested in the G0/G1 phase (61.23±3.15%) (P<0.05) and the number of cells was reduced in the G2/M phase (12.36±0.87%) (P<0.05) (Fig. 4, Table I ).
Effect of survivin siRNA on the activity of caspase-3.
We measured the enzymatic activity of caspase-3 to investigate whether inhibition of survivin expression induces apoptosis in HCC cells. The results showed that activity of caspase-3 in HepG2 cells was markedly increased by survivin-siRNA (2.28±0.19-fold, P<0.05), while there was no difference between the blank control and the negative control cells (Fig. 5) . The suppression of survivin expression significantly increased the caspase-3 activity in HepG2 cells, leading to cell apoptosis.
Suppression of survivin expression enhances cisplatin-induced cytotoxicity.
When treated with cisplatin for 48 h, the apoptosis rates in the untransfected HepG2 cells, negative control group, and the positive experimental group were 32.54±2.97, 31.82±2.86 and 51.25±3.53%, respectively. The results were similar to that in the SMMC-7721 cells, which were 33.65±2.74, 34.13±2.27 and 54.58±3.81%, respectively (Figs. 6 and 7). Additionally, following cisplatin chemotherapy for 48 h, the MTT test showed that the inhibition rates of cell growth in the untransfected HepG2 cells, negative control group and positive experimental group were 35.53±2.79, 36.27±2.95 and 62.88±3.84%, respectively, in HepG2 cells, and 37.76±2.65, 38.21±2.58 and 65.74±3.42%, respectively, in the SMMC-7721 cells (Fig. 8) . These results demonstrated that transfection with survivin siRNA combined with cisplatin treatment markedly enhanced cell apoptosis and cytotoxicity, suggesting that inhibition of survivin expression significantly enhances the chemosensitivity of hepatocellular carcinoma cells.
Discussion
Previous reports have demonstrated that survivin plays an important role in cancer proliferation and progression, by inhibiting apoptosis and facilitating mitosis, giving tumor cells a survival and growth advantage (17, 18) . Survivin expression is also involved in tumor cell resistance to chemotherapy and radiotherapy (19) . Since survivin is specifically overexpressed in most malignant tumors but not in most normal adult tissues, the inhibition of survivin has been pursued as a compelling strategy for cancer therapy (20) .
Various strategies have been employed in order to knock down the overexpression of survivin in cancer cells, including dominant-negative mutation (21), antisense oligonucleotides (22) and anticancer vaccine (23) . The recent emergence of siRNA technology as a powerful tool to specifically silence gene expression offers a new modality for anticancer therapeutics (24) . RNAi is mediated by short interfering RNAs (siRNAs) that are produced from exogenous or endogenous long dsRNAs by Dicer endonuclease. The resulting siRNAs are then incorporated into a nuclease complex, which then cleaves corresponding mRNA in a sequence-specific manner (25, 26) . RNAi has become a new technique for silencing gene expression, and plays an important role in gene function studies and in gene therapy for many diseases. In the present study, we successfully constructed recombinant siRNA plasmid expression vector psiRNA-sur and stably transfected the plasmid into hepatocellular carcinoma HepG2 and SMMC-7721 cells. Semi-quantitative RT-PCR and western blotting demonstrated that survivin mRNA and protein expression levels were significantly reduced by over 60% when transfected with the siRNA targeting survivin in each cell line.
Survivin is the smallest member of the inhibitors of the apoptosis protein (IAP) family, and is the most powerful apoptosis inhibitory factor as far as we know. Survivin is a bifunctional protein, which has been involved in both control of apoptosis and regulation of cell division. It was demonstrated that survivin can directly bind to terminal effector caspase-3 and caspase-7, and suppresses apoptosis by the inhibition of caspase activities (27) . Survivin inhibits the apoptosis pathway differently from Bcl-2, which blocks mitochondrial cytochrome c release into the cytosol, resulting in the inhibition of the mitochondrial apoptotic pathway. Overexpression of survivin may also overcome the G2/M phase checkpoint to enforce progression of cells through mitosis (28) . Survivin expression in hepatocellular carcinoma is reported to be corelated with proliferation, metastasis and prognosis (29, 30) . In the present study, we found that the growth rates of the HepG2 and SMMC-7721 cell lines were inhibited by survivin siRNA. In addition, survivin siRNA induced a specific G0/ G1 arrest. Moreover, we found that the caspase-3 activity in both cell lines was significantly increased by survivin siRNA, which demonstrated that inhibition of survivin expression induced cell apoptosis. These results are important since they revealed the role of survivin in the development of hepatocellular carcinoma. Chen and Deng (31) also reported that siRNA targeting of survivin effectively inhibited the growth of gastric cancer MGC-803 cells.
To further investigate the role of survivin in the chemoresistance of hepatocellular carcinoma, we compared the changes in the chemosensitivity to cisplatin in the survivin siRNA-transfected and untransfected HCC cells. Our data showed that following cisplatin chemotherapy, survivin siRNA significantly enhanced cell apoptosis and the cytotoxicity of both HepG2 and SMMC-7721 cells in vitro, indicating that inhibition of survivin expression by siRNA significantly enhances the chemosensitivity of hepatocellular carcinoma cells. Our results are consistent with another report that inhibition of survivin expression enhances cisplatin sensitivity in squamous cell carcinoma of the tongue (32). In summary, hepatocellular carcinoma HepG2 and SMMC-7721 cells transfected with survivin siRNA showed decreased proliferation, increased apoptosis and caspase-3 activity, and increased chemosensitivity to cisplatin. Our data provide strong evidence that suppession of survivin expression by siRNA attenuates the malignant phenotype of HCC, and may provide a novel approach for anticancer gene therapy.
